Context. Recent statistical studies prove that the percentage of RR Lyrae pulsators living in binaries or multiple stellar systems is considerably lower than it could be expected. This paradox can be better understood when detail analysis of individual candidates is performed. We give a detail investigation of the Light Time Effect of the most probable binary candidate TU UMa which is complicated by secular variation of the pulsation period. Aims. This paper attempts to model possible Light Time Effect of TU UMa using a new code applied on formerly available and newly determined maxima timings in order to confirm binarity and refine parameters of the orbit of RRab component in binary system. The binary hypothesis is further tested also using radial velocity measurements. Methods. A new approach for determination of maxima timings based on template fitting which is also usable on sparse or scattered data is described. This approach was successfully applied on measurements from different sources. For determination of orbital parameters of a double star TU UMa we developed a new code for analysis of Light Time Effect involving also secular variation in pulsation period. Its usability was successfully tested on CL Aur -an eclipsing binary with mass-transfer in a triple system showing similar changes in O-C diagram. Since orbital motion would cause systematic shifts in mean radial velocities (dominated by pulsations) we computed and compared our model with center-of-mass velocities. They were determined using high-quality templates of radial velocity curves of RRab stars. Results. Maxima timings adopted from the GEOS database (225) together with those newly determined from sky surveys and new measurements (149) were used for construction of O-C diagram spanning more than five proposed orbital cycles. This data set is five times larger than data sets used by previous authors. Modelling of the O-C dependence resulted in 23.36-year orbital period which translates to the lowest mass of the second component of about 0.33 M⊙. Secular changes in pulsation period of TU UMa over the whole O-C diagram was satisfactorily approximated by parabolic trend with the rate of −2.33 ms yr −1 . For the confirmation of binarity we used radial velocity measurements from nine independent sources. Although our results are convincing, additional long-term monitoring is necessary to definitely confirm the binarity of TU UMa.
Introduction
A significant part of stars lives in double or multiple stellar systems. However, reviews of pulsating stars in multiple stellar systems (e.g. Szatmáry 1990; Zhou 2010) clearly show the lack of stellar pairs with an RR Lyrae component. Current number of confirmed binaries comprising an RR Lyrae type pulsator can be counted on one hand.
Binarity of an object can be revealed in many different ways. For example, detection of eclipses, periodic radial velocity changes, or regular astrometric shifts in visual binary can serve as a direct proof of binarity. A companion of a periodic variable star can be detected also indirectly through changes in timings of light extrema, the so called Light Time Effect (hereafter LiTE). RR Lyrae stars are located generally in larger distance from the Earth, hence astrometric detection of binarity is highly unlike. Since the spectra of RR Lyrae stars are influenced by pulsations, discovery of binary nature of stars through changes in position of spectral lines is also difficult (e.g., Solano et al. 1997) . Thus the most promising methods are detection of eclipses and LiTE.
In the Large Magellanic Cloud three candidates for RR Lyraes in eclipsing binaries were detected (Soszyński et al. 2003) . However, these objects were identified as optical blends which consist from two objects, RR Lyrae star and eclipsing system (Soszyński et al. 2003; Prša et al. 2008) . A very interesting object was identified by Pietrzyński et al. (2012) and subsequently studied by Smolec et al. (2013) . This peculiar eclipsing system with orbital period of 15.24 d contains a component which mimics an RR Lyrae pulsator. The detailed study of Smolec et al. (2013) showed that this object, OGLE-BLG-RRLYR-02792, has a very low mass of only 0.26 M ⊙ which is too little for classical RR Lyrae stars. Also other physical characteristics indicated that this binary component is rather a special object, which is a result of evolution in a close binary, than a classical RR Lyrae star. Other object in the LMC, OGLE-LMC-RRLYR-03541, is recently the best candidate for RR Lyr in eclipsing binary with orbital period of 16.229 d (Soszyński et al. 2009 ). Szatmáry (1990) published a list of various types of pulsating stars bounded in binary systems on the basis of visual identification of LiTE in their O-C diagrams. However, many of presented candidates are at least dubious. Among others, this list contains TU UMa in which the LiTE with a 23-year long orbital period was proposed by Szeidl et al. (1986) . The preliminary orbital parameters were determined by Saha & White (1990) . They also tried to verify the binarity using radial velocity measurements. Another examples of RR Lyrae stars in binaries were identified through the analysis of their O-C diagrams very recently. Li & Qian (2014) found that FN Lyr and V894 Cyg are probably in pairs with brown dwarves. Hajdu et al. (2015) found another 12 candidates among OGLE bulge RRab variables. Nevertheless, these candidates should be confirm by spectroscopy or different method. Catalogue of all kinds of binary systems with pulsating components from Zhou (2010 , version December 2014 contains for RR Lyrae class TU UMa, OGLE-BLG-RRLYR-02792 and several tens candidates without any closer information.
In this study, we present a new analysis of the LiTE in TU UMa which is based on much wider sample of O-C in comparison to the last paper about LiTE in TU UMa (Wade et al. 1999) . A highly accurate photometric observations, which cover two thirds of the proposed orbital period, are newly available since Wade et al. (1999) . In Section 2 we briefly discuss the history of observation of TU UMa putting emphasis on its binary nature. In Section 3 the characteristics of the data sample used are summarized. Except for data from various sources we utilized original measurements gathered in 2013-2014. Application of our LiTE procedure (described in Section 4 and Appendix A) and modelling of the TU UMa data is presented in Section 5. Other proofs for binarity are discussed in Section 6, and all results are summarized in Section 7. A variability of TU UMa was discovered by Guthnick & Prager (1929) on Babelsberg's plates. Thereafter many authors studied the star using photoelectric photometry and spectroscopy. Detail description of history of TU UMa research was performed by Szeidl et al. (1986) . Only the most important information about the LiTE is briefly mentioned below, since about 170 articles with keyword TU UMa are currently retrievable at the NASA ADS portal. Payne-Gaposchkin (1939) was the first who noted cyclic variations in maxima timings and proposed a 12400-day (34 years) long cycle. Important results were obtained by Szeidl et al. (1986) , who mentioned secular period decrease which causes parabolic trend in O-C diagram, and a probable 23-year (8400 d) variations possibly caused by the binarity of the star. Saha & White (1990) detected systematic shifts in radial velocities (hereafter RVs) indicating binarity, but number of used RV measurements was very low. They modelled the LiTE for the first time, and determined 1 http://www.aavso.org/vsx/ orbital period of 7374.5 d (20.19 yr) . Their analysis showed that the proposed stellar pair has an extremely eccentric orbit with e = 0.970. They considered only constant pulsation period in their model. An influence of neglecting the secular changes of e, a sin i, and M 2 sin 3 i was tested by Wade et al. (1992) .
History of observation of TU UMa
The LiTE with secular variation in the pulsation period was firstly solved by Kiss et al. (1995) , who determined more accurate orbital elements and determined orbital period as 8800 d (24.1 yr). Wade et al. (1999) collected all available maxima timings and also RVs, and successfully verified results from Saha & White (1990) . They obtained five different groups of models of LiTE with respect to different subsets of maxima timings (all maxima without visual values, only photoelectric and CCD values, etc.). Orbital periods that they derived ranged from 20.26 yr to 24.13 yr depending on particular data set and number of fitting parameters (with/without parabolic trend). Subsequently, they used nine derived sets of orbital elements for the reconstruction of orbital RV curve of pulsating component, and for comparison with shifts in observed RVs. Since then, TU UMa has been neglected for about 15 years from a viewpoint of study of LiTE. However, improvements of quadratic ephemeris were performed by e.g. Arellano Ferro et al. (2013) . A lot of high-accurate maxima timings (mainly CCD measurements) were published during this 15-year interval. Currently available data extend five proposed orbital cycles.
Data sources

GEOS database
Since the GEOS RR Lyrae database 2 (Groupe Européen d'Observations Stellaires, Le Borgne et al. 2007 ) is the most extended archive of times of maxima of RR Lyrae stars, it was used as the main data source for our analysis.
Concerning GEOS values 3 , we paid special attention to maxima timings based on data from sky surveys like Hipparcos (ESA 1997) or ROTSE = NSVS (Woźniak et al. 2004) . These timings are special in the meaning of method of their determination, because in the most cases they are determined statistically based on the combination of many points which are often spread out over a few years. O-C values determined from such data sets very often did not follow the general trend of O-C dependence 4 . Thus they were omitted. However, we re-analysed the original data of these surveys (Sec. 3.3).
Our observations
As an extension to the GEOS data we also used ten new maxima timings (in Appendix B) gathered by J. Liška in 19 nights between December 2013 and June 2014. CCD photometric measurements were performed using two telescopes -three nights with a 24-inch Newtonian telescope (vby Strömgren filters) at Masaryk University Observatory in Brno and 16 nights with a small 1-inch refractor (green filter with similar throughput as Johnson V filter, Liška & Lišková 2014) at private observatory in Brno. In the case of the small-aperture telescope, each 5 frames with exposure time of 30 s were combined to a single image to achieve better signal-to-noise ratio. The time resolution of such combined frame is 150 s. Comparison star BD+30 2165 was the same for both instruments, but control stars were BD+30 2164 (for 24-inch telescope) and HD 99593 (for 1-inch telescope), respectively. Maxima timings were determined via polynomial fitting or template fitting described in Sec. 3.3. Monitoring with the small telescope resulted in a well covered phase light curve shown in Fig. 1 . Except for maxima timings determination, the observations were important also for checking of possible eclipses (Sec. 6.2).
Other sources
We utilized high-cadence measurements from the SuperWASP project (Pollacco et al. 2006; Butters et al. 2010) and Pi of the Sky project (e.g. Burd et al. 2004; Siudek et al. 2011 ) for determination of maximum timings from the individual well-covered nights.
In addition, to maximally extend the O-C dataset we also analysed data from other large sky surveys (Hipparcos, NSVS) and from the project DASCH (photometry from scanned Harvard plates, e.g. Grindlay et al. 2009 ). For these, very sparse, but very extended data, maxima timings were estimated using template fitting. The same process was applied on the data from the other sources.
Firstly, we chose the dataset with the best quality data and with the best phase coverage. Since the data from all surveys were of insufficient quality for construction of the template light curve, V -band measurements from Liakos & Niarchos (2011) were used. Subsequently we mod- elled the shape of the light curve in Matlab via non-linear least-squares method with an n-order harmonic polynomial
where A 0 is the zero level of brightness, A j are amplitudes of the components, t is the time of observation in Heliocentric Julian Date (HJD), M 0 is the zero epoch of maximal brightness, P puls is the pulsation period in days, and φ j represent the phase shifts in radians. After some experiments it was found that polynomial with n = 15 is sufficient for good template model. Nevertheless, using one template curve for various surveys brings some particularities. Firstly, the model had to be scaled, because different surveys use different filters, and period and zero epoch had to be slightly refined for each dataset. Subsequently, outliers were iteratively removed.
In case the data were sparse without well defined maxima, it was necessary to divide the whole dataset to smaller subsamples containing typically about 30 points with the time span from several days to hundreds of days. Data in these subsamples were then compared with the refined template light curve, and the time of maximum was determined. Logically, with this subsampling we were able to estimate only the mean time of maximum for the time interval of particular subset. However, in comparison with the total time span of the O-C values, which cover several decades, this method is fully appropriate. All new maxima for TU UMa from surveys determined by polynomial or template fitting (including uncertainties obtained directly from least-squares method) are given in Appendix B. The numbers of all used maxima timings from particular surveys are in Table 1 .
In addition, we determined 6 maxima timings from the data which were omitted from the analysis in Boenigk (1958) , Liakos & Niarchos (2011 ), Liu & Janes (1989 and Preston et al. (1961) .
Modelling of LiTE
Light Time Effect
The existence of LiTE was suggested at the end of the 19th century in Algol system by Chandler (1888) , while the first, detailed theoretical analysis of the problem was performed by Woltjer (1922) . Irwin (1952a) solved important equations for a part of the direct solution of LiTE and described graphical way of orbital elements determination.
Currently LiTE is usually solved very accurately applying equations of motion in two-body system (equations from Irwin (1952a) included direct solution of Kepler's equation) or using numerical calculations of perturbed orbit in multiple system. Nevertheless, the inverse part of the calculations, in which searching for the best solution is performed (minimization), still remains a problem for discussion -various authors use various methods, e.g. damped differential corrections (Pribulla et al. 2000) , leastsquares method (Panchatsaram 1981) , simplex (LevenbergMarquart) method (Wade et al. 1999; Lee et al. 2010) or combination of least-squares method and simplex (Zasche 2008) . Just for example, simplex method has several versions, which differ in setting of initial parameters, sorting conditions, or in the size of corrections. Thus, obtaining the same results, i.e. repeatability of process, is very difficult, even impossible. To avoid this ambiguity, the inverse part of our code was constructed on the basis of non-linear least-squares method described in (e.g., Mikulášek & Zejda 2013) applied to modelling of LiTE (for details see Sec. 4.2 and Appendix A). This way was already applied to analysis of LiTE in AR Aur system and is similar to the one used by Van Hamme & Wilson (2007) and Wilson & Van Hamme (2014) .
Fitting procedure
The code that we used is written in Matlab. It consists of several modules: loading measurements and setting initial input parameters, direct solution of LiTE including optional parabolic trend, inverse minimisation method, and, finally, the selection of the best solution and calculation of uncertainties of individual parameters through bootstrap resampling (Sec. 4.3).
A prediction of maxima timings T cal calculated according to the relation
contains linear ephemeris, as well as correction ∆ for LiTE. Parameter M 0 is the zero epoch of pulsations in HJD, P puls is the pulsation period in days, N is the number of pulsation cycle from M 0 . The correction ∆ for LiTE includes calculation of the orbit of a pulsating star around the center of mass of a binary in relative units, and can be expressed by equation adopted from Irwin (1952a) 
where e is the numerical eccentricity, ω is the argument of periastron in degrees, A . = a 1 sin i/173.145 is the projection of semi-major axis of primary component a 1 in light days 5 according to the inclination of the orbit i, and ν is the true anomaly. The eccentric anomaly E, which is necessary for determination of the true anomaly ν, is solved from Kepler's equation iteratively using Newton's method with a given precision higher than 1 × 10 −9 arcsec. Kepler's equation requires mean anomaly M , which is determined from the orbital period P orbit in days and the time of periastron passage T 0 in HJD.
Optional, more complex model, which includes a parabolic trend in O-C (e.g. Zhu et al. 2012) , uses modified equation (2) in a form of
where parameterṖ puls = dP puls /dt is the relative rate of changes of the pulsation period in [ 
where b j are individual free parameters in vector b. Vector b 0 contains initial estimates of parameters, ∆b j are their corrections, g is a number of free parameters (the length of matrix b). After linearisation, the problem can be solved in the same way as in the linear least-squares method, but with several necessary iterations to obtain a precise solution. Initial parameters are in our code quasi-randomly generated many times from large interval with limits defined by user. The derivatives are solved analytically. For more details see Appendix A.
Parameter
where n is a number of measurements, was used as an indicator of the quality of the k-fit.
Since many maxima timings from the GEOS database are given without errors or they are often questionable, an alternative approach for weights determination was applied. The dataset was divided in several groups according to the type of observations (photographic, visual, photoelectric, CCD, DSLR), and weights were assigned to each of the groups with respect to the dispersion of points around the model. Values of weights were improved iteratively. Group with less than five points (DSLR) were merged with another group with similar data quality to avoid unrealistic weight assignment (CCD+DSLR). During fitting process outliers differing more than 5 σ from the model were rejected. Visual supervision was applied in all steps of the analysis.
The LiTE fitting process does not allow an estimation of masses of both stars, but only a mass function f (M)
where M 1 , M 2 are masses of the components, i is the inclination angle of the orbit, P orbit is the orbital period, and a 1 is the semi-major axis of the primary component. Based on the studies of Fernley (1993) and Skarka (2014) we adopted the value for the mass of RR Lyrae component as M 1 = 0.55 M ⊙ , and inclination angle was set to i = 90
• (sin i = 1). This allows computation of the lowest mass of the second component solving cubic equation
In this work we expect that variation in O-C diagram of TU UMa can be well described using eq. 4 and the other 6 Le Borgne et al. (2007) probably used a length of the year 366 d therefore their constant 0.0732 × 10 10 is a little different.
possible secular variation of pulsation period could be neglected (it has low amplitude or it appears in longer time scale).
Bootstrap-resampling
The (non-linear) least-squares method itself gives an estimation of uncertainty of all fitted parameters, but the method is extremely sensitive to data characteristics. A slight change of the dataset by adding one single measurement can cause significant difference of new parameters from the previous solution. Thus we decided to use a statistical approach represented by bootstrap-resampling for estimation of the errors. Parameters from the best solution were used as initial values for fitting of a new dataset, whose points were randomly selected from the original dataset. This procedure was repeated 5000 times. From the scattering of individual parameters of these five thousands solutions their uncertainties were estimated. Errors in Tables 2, 3 correspond to 1 σ.
Test object CL Aurigae: eclipsing binary with probable
LiTE and mass-transfer
The code was, among others, tested on a well known detached binary system, CL Aur. This eclipsing binary was chosen intentionally, because it shows LiTE and a secular period change. In addition, CL Aur was studied in similar way three times during the last 15 years (Wolf et al. 1999 (Wolf et al. , 2007 Lee et al. 2010 ).
The times of minima of CL Aur taken from O-C gateway database 7 (Paschke & Brát 2006) were used to construct O-C diagram and to determine parameters through the methods described above 8 . Our best model (Fig. 2) describes O-C variations very well in the most recent part (precise CCD observations). The old part of O-C diagram with visual and photographic measurements is highly scattered, but these measurements were also taken into account during fitting process by assigning them with a lower weight (model weights for different observation methods were found in ratio pg:vis:ccd 1:11.5:403) 9 . We can conclude that our results are comparable with previous results (Table 2 ). This example, as well as additional testing, showed that our code works well, and is suitable for analysis of RR Lyraes with suspected LiTE. The code was already successfully used for modelling LiTE in V2294 Cyg (Liška 2014) .
Light Time Effect in TU UMa and analysis of O-C diagram
Cyclic changes in O-C diagram of TU UMa are well known for a long time, and were analysed in detail by Saha & White (1990) , Kiss et al. (1995) , and Wade et al.
7 http://var.astro.cz/ocgate/ 8 The model was calculated for the half value of the period. Subsequently, results were corrected for this effect.
9 Compare: Wolf et al. (2007) visually distinguished quality of data by weights in each category 0, 1, 2 for pg, 0, 1, 2 for visual, and 5, 10, 20 for CCD observations, respectively. (1999). The parameters determined by these authors are given in Table 3 . Our dataset described in Sec. 3 is much denser and more extended than in previous studies (we used 424 maxima timings, in contrast to Wade et al. (1999) who used only 83). The used O-C values spans 115 years mainly due to measurements recorded on the Harvard plates (provided by the project DASCH) in the first half of the 20th century. Because the complete dataset is not homogeneous with uncomparably better coverage over the last two decades (CCD measurements), we analysed LiTE in TU UMa in two ways. Model 1 is based on the whole dataset 10 , while model 2 describes only photoelectric, CCD and DSLR observations 11 . Since TU UMa experiences secular period decrease (in Fig. 3 represented by the parabolic dashed curve) with the rate about −2.9×10 −11 days per cycle (Wade et al. 1999) , we used the complex form of the model (eq. 4).
Logically, model 1 based on the whole data set (covering 5 orbital periods) gives more precise, but slightly different results than model 2, which spans only two of the 23-year orbital cycles. Nevertheless, high-accurate photoelectric and CCD measurements cover the whole orbital cycle very well (see Fig. 4 ). Due to the shorter time base, our second model has, for example, lower value of secular period evolution. This is carried at the expense of increasing eccentricity (0.63 and 0.67 for the model 1 and 2, respectively).
In comparison with orbital elements from previous studies given in due to larger and better dataset. Our values differ mainly in eccentricity and distance between components, as well as in the mass function. All these values were found to be significantly lower than those from Saha & White (1990) , Kiss et al. (1995) or Wade et al. (1999) . Values from Saha & White (1990) differ more due to neglecting period decreasing and due to the missing expression (e sin ω) in their eq. 3 which should be similar to our eq. 4.2.
From our results it seems that TU UMa is very likely a member of a well-detached system with a dwarf component with the minimal mass of only 0.33 M ⊙ . Since no signs of the companion are observed in the light of TU UMa, it is probably a late-type main sequence dwarf star. However, we cannot exclude the possibility that it is a white dwarf or a neutron star, since we do not know the inclination.
Explanation of the non-zero eccentricity in this old system, which has had definitely enough time for circularization, remains an open question. The most probable candidate for the explanation is some explosive process in the system (Saha & White 1990 ). This scenario would prefer a degenerate remnant as a second component. Another scenario, no matter how unlike, is that the second body was attracted and the circularization is still in progress.
Except for the LiTE, which is the most remarkable feature of the O-C diagram, also changes represented by the parabolic trend are apparent. The progression of the dependence suggest secular shortening of the pulsation period of TU UMa which is almost certainly an evolutionary effect, because the mass transfer, which is responsible for period changes in close binaries, can be excluded due to a very wide orbit of TU UMa. In addition, value β =Ṗ puls ∼ −2.3 ms yr −1 = −0.027 d Myr −1 can correspond to blueward evolution of the RR Lyrae component, nevertheless e.g. Le Borgne et al. (2007) give higher median value β = −0.20 d Myr −1 for their sample of 21 stars with significant period decreasing.
After subtraction of our model 1 from the whole dataset (Fig. 5) , several photographic measurements (in range between JD 2426000 and 2432000) are more deviated than other values with systematic shift about 15 minutes (0.01 d). It could indicate that TU UMa could undergo more complex period changes than only LiTE and parabolic trend. Some of possible explanations such as cubic trend Table 3 . Parameters determined previously and our results for the system TU UMa. Mass limit of the second body was estimated from the mass function f (M), inclination of orbit (i = 90
• ) and mass of RR Lyrae star M 1 = 0.55 M ⊙ adopted from Fernley (1993) and Skarka (2014 or additional LiTE could describe this variation. However, the residuals are very scattered and also some instrumental artefacts can play role. Thus our explanations are not conclusive.
Other proofs for binarity
Since LiTE is only indirect manifestation of the binarity, it is necessary to prove it in other way. The analysis of the mean radial velocities can be considered as the most valuable test. Except for this method, other possible approaches for confirmation of binarity of TU UMa are discussed in the next sections.
Radial velocities
Known orbital parameters from the analysis of LiTE allow us to predict, but also reconstruct, the RV curve from the past. The binarity can then be proved via comparison of the model for the orbital RV curve and spectroscopically determined center-of-mass RV. For TU UMa such analysis was firstly performed by Saha & White (1990) , and few years later also by Wade et al. (1999) . They noticed systematic shifts in RV determined in different times. Their predictions correlated with measurements fairly well.
We scanned literature for RV measurements and found nine sources (Table 4) . Unfortunately, the last available data with RVs was published in 1997. Saha & White (1990) used only 3 sources of RVs; Wade et al. (1999) do not give their values. In addition, both authors ignored RV measurements from Preston & Paczynski (1964) . Other authors give slightly different values determined from the same dataset (Table 5 , column 2) and without mean time of observation. Therefore we decided to re-analyse all available RV measurements.
Determination of the center of mass RV for a binary with pulsating star is more complicated than for a binary with non-variable stars (pulsations are often dominant source of RV changes). Another inconveniences are connected with RV based on different type of spectral lines (e.g. Balmer or metallic lines). They are formed in different depths and therefore they have different shape, amplitude, and zero points (already shown e.g. by Sanford 1949; Oke et al. 1962) . Since available RV measurements are based on various lines it was necessary to unify them. This was done using high-accurate normalised template curves from Sesar (2012) . Firstly we modelled these template curves with n-order harmonic polynomial. The observed RV curve for particular spectral line was then compared with polynomial image of the template, and the amplitude and the central value of RV curve was determined by the least-squares method simultaneously for all datasets. Before this step, measurements were time-corrected for binary orbit and period shortening (based on model 1) and several of the datasets were divided into smaller groups to obtain time resolution about 1-year (see Table 5 with determined mean RVs for given epochs corresponding to the mean value of observation time). We did not found original RV measurements for two studies Solano et al. 1997 ) and thus we only adopted their mean RV values and estimated mean time of observation from information in their papers. Finally, the mean center of mass RV values were then compared with the RV model resulting from our analysis of LiTE (Fig. 6) . It is seen that points roughly follow the model RV curve.
An alternative test for binarity using RV curves can be performed by the comparison of observed RV curves (the top panel of Fig. 7 ) and those in which the orbital RV curve from the model is subtracted (the bottom panel of Fig. 7) . In this figure RV measurements are phased according to the pulsation period 12 . Apparently, the phased RV curve with corrected velocities is significantly less vertically scattered than without the correction. The residual scatter in the bottom panel results from different metallic lines that the RVs were based on.
Both tests clearly show that TU UMa is very likely bounded in a binary system. Hemenway (1975) , (La) Layden (1994) , (Li) Liu & Janes (1990), (P ) Preston et al. (1961) , (Sa) Saha & White (1990) , (So) Solano et al. (1997) . . Models of variations in RV caused by orbit of pulsating component around mass-centre of the binary system (red and blue lines) and center-of-mass velocities determined for each dataset of RV measurements using template fitting or adopted from literature. The visually estimated correction −89 km s −1 for systematic velocity mass-centre of the system from Sun (γ-velocity) was applied.
Eclipses
The detection of eclipses in the light curve (in appropriate phase of the orbit) would be a strong proof for binarity of TU UMa. Among eclipsing binary stars, several third components, known only from the LiTE, were confirmed by detection of additional eclipses (e.g. in the Kepler project, Slawson et al. 2011) . The chance to catch an eclipse in TU UMa is very low, because expected orbital period of the binary system is very long, inclination angle of the orbit is unknown and radius of secondary component is probably much smaller than for the pulsating star. Both our models of LiTE allow us to estimate the time of possible eclipse (winter 2013 or summer 2014), but difference between both predictions is too large. However, we attempted to detect proposed eclipse.
Observations with the small telescope described in Sec. 3.2 were dedicated for this purpose. Unfortunately, our measurements were insufficient for reliable decision about eclipses. Due to weather conditions, limited object visibility and other influences we observed only in 19 nights, which could be hardly sufficient regarding the imprecise eclipse prediction. At least we can conclude that no sign of eclipse with amplitude higher than 0.07 mag was detected in our data (see Fig. 8 ).
Summary and conclusions
In this work, new analysis of the probable LiTE in TU UMa was performed. We used published maxima timings from the GEOS database (275 values), and added values of maxima from our photometric observations and from the SuperWASP and Pi of the Sky surveys. We applied template fitting method to determine maxima from these measurements and also from sparse data from projects Hipparcos, NSVS and DASCH. Altogether we analysed 424 measurements of maxima timings, which is about 5 times larger dataset than the one from the last study of TU UMa by (Wade et al. 1999) . This large and well covered dataset allowed us to determine a quadratic ephemeris of the pulsations and orbital elements of the binary system with much better accuracy than in previous studies (Table 3 ). All analyses were performed with a new code written in Matlab which uses bootstrap method for error estimations. We calculated two models: model 1 which describes the whole dataset, and model 2 which describes only high-accurate photoelectric, CCD and DSLR maxima. The second model is based on data with significantly shorter time span than for the model 1.
The second model gives a smaller value of perioddecrease rate (β =Ṗ puls ∼ −1.5 ms yr −1 ), which causes the eccentricity to become higher (e ∼ 0.67) than in the first model (β ∼ −2.3 ms yr −1 , e ∼ 0.63). For comparison, Arellano Ferro et al. (2013) give β = −1.3 ms yr −1 without LiTE fitting. Nevertheless, both our models have lower value of eccentricity, semi-major axis of pulsating component a 1 sin i (2.9 au or 3.0 au) and minimal-mass limit of secondary component (0.33 M ⊙ or 0.34 M ⊙ ) than in previous works. Our values of orbital period (23.4 yr or 23.3 yr), argument of periastron ω (181
• or 185 • ), and semiamplitude of radial velocity variations of pulsating star K 1 (4.8 km s −1 or 5.2 km s −1 ) are comparable with values determined by previous authors.
The binary nature was tested in several ways. Firstly, our models of the orbit gave predictions of possible eclipses. Despite that the prediction was highly inaccurate and that the eclipse is highly unlike (wide orbit, unknown inclination and other important parameters) we attempted to detect them. Unfortunately without success. Binarity should manifest itself in cyclic changes of the mean radial velocity. We adopted RV measurements from nine independent sources and corrected their values according to our model by subtraction of LiTE and secular changes. When observed RV curve was phased with the pulsation period, we got typical RV curve for RR Lyrae which was scattered. The scatter significantly dropped down when our model was applied.
We also determined central values of radial velocity for each RV dataset using pulsation templates for different spectral lines from Sesar (2012) . We compared these values with our model of orbital RV variations based on orbital parameters known from LiTE. Evident correlation is apparent (Fig. 6) .
The two successful proofs are important towards confirmation of the binarity of TU UMa. However, only long term spectroscopic measurements covering the whole orbital cycle could unambiguously confirm that TU UMa is really a member of a binary system. In the next step, an equation for model function T cal (T, b) with unknown parameters in vector b is selected. Changes in position times of maxima for pulsating star due to LiTE (periodic changes in O-C diagram) can be expressed by equation
where M 0 is the zero epoch of pulsation in HJD, P puls is the pulsation period in days, N is the number of pulsation cycle from M 0 and parameter ∆ is the correction for LiTE. The integer number of pulsation cycle (epoch) N is given
Optional, more complex model, which includes parabolic trend in O-C diagram (e.g. Zhu et al. 2012) , uses modified equation (A.1) in a form of
where parameterṖ puls = dP puls /dt is the relative rate of changes of pulsation period. The correction ∆ for LiTE includes calculation of the orbit of pulsating star around mass-centre of binary in relative units and is given by equation adopted from (Irwin 1952a ) (A.4) where e is numerical eccentricity, ν true anomaly, ω argument of periastron in degrees and A constant in light days, which compares the shift in a radial position to the time delay caused by constant speed of light. True anomaly ν is calculated from equation .5) and eccentric anomaly E is determined in our code iteratively by Newton's method from Kepler's equation
where orbital period P orbit is in days, time of periastron passage T 0 in HJD. The constant A is the projection of semi-major axis of the pulsating component a 1 in the unit light day .8) where i is the inclination angle of the orbit in degrees, au is length of the astronomical unit in metres, c is speed of the light in vacuum in m s −1 . Semi-amplitude of LiTE changes in O-C diagram in days is then ALiTE = A 1 − e 2 cos 2 ω.
(A.9)
Subsequently, observed values of time of maximum can be compared with the ones from the model obtained from eq. A.1 and A.3, respectively. Their difference for the given set of parameters is equal to
The least-squares method (hereafter LSM) described in detail in (Mikulášek & Zejda 2013) says that the best model has the least sum of squares of residua between observation and model. Modified form of LSM used weighted form (A.11) and than the sum is and matrix with derivatives is in form where γ is systematic velocity mass-centre of the binary system from Sun in km s −1 (γ-velocity) and K 1 is semiamplitude of RV changes in km s −1 given by equation K1 = 2 π a1 sin i au 8.64 × 10 7 P orbit (1 − e 2 ) , (A.29) where projection of semi-major axis a 1 sin i is in au, constant au in meters, and orbital period P orbit in days. 
